INTRODUCTION
It is assumed that ionizing radiation will be capable of causing adverse biological effects in astronauts during deep space travel. The risks may include carcinogenesis, cataracts and damage to the hematopoietic and central nervous systems. Evaluating and reducing these risks and identifying the underlying mechanism(s) involved in the causation of these effects at the cellular and molecular levels are the overall aims of our studies.
One type of space radiation includes high-atomic number (Z) and energy (HZE) particles, which are part of galactic cosmic radiation. The radiation from HZE particles is high-linear energy transfer (LET) radiation and therefore is likely to have greater potential for producing radiation-induced damage to biological tissues compared to low-LET space radiations. HZE particles transfer their energy to biological organisms through high-density ionizations and excitations along the particle track. The expected dose is non-uniform, and it is known that HZE-particle radiation can induce complex DNA damage, mutagenesis and carcinogenesis. Exposure to HZE-particle radiation does not occur on Earth and is therefore difficult to study; however, radiobiology investigations using HZE particles are possible at the NASA Space Research Laboratory (NSRL) at the Brookhaven National Laboratory, where beams of different HZE particles are produced and the biological effects can be evaluated in animal and tissue culture models.
Numerous studies in animal model systems have demonstrated cancer chemopreventive effects with selenium (1) . Human studies have also suggested that selenium compounds may be able to prevent cancer (2) (3) (4) . L-Selenomethionine (SeM) is a major component of dietary selenium that upon trans-sulferation is converted to selenocysteine, which is then incorporated into selenoproteins, including redox-active thioredoxin reductase and glutathione peroxidase (5) . Previously, studies performed in our laboratory have demonstrated that supplementation with SeM protects against the following: (1) HZE-particle radiation-induced cell death in human breast epithelial cells (MCF-10) (6); (2) radiation-induced oxidative stress in vitro (6) and in vivo (7-9) (measured as changes in total antioxidant status in rat or mouse plasma or serum); and (3) radiation-induced transformation of human thyroid cells (6) . These studies used cells of the HTori-3 cell line, which has been immortalized but is not tumorigenic (10) . Because the gene profiles of astronauts exposed to galactic cosmic radiation are difficult to obtain, ground-based in vitro models simulating the space environment are studied using techniques such as cDNA microarray, with confirmation by qPCR.
Characterizing gene expression profiles after exposure to HZE-particle radiation provides a platform for detecting surrogate end-point biomarkers and potential countermeasures for adverse biological effects. To date, there are few reports available on HZE-particle radiationinduced changes in gene expression patterns. To investigate the distinct molecular biological effects of heavy ions at very low doses and to determine the effects of these lowfluence particles that astronauts encounter in the space radiation environment, we carried out cDNA microarray experiments using cells of a nontumorigenic human thyroid epithelial cell line. Additional experiments were conducted to determine gene expression profiles of irradiated cells in response to treatment with SeM, which was evaluated as a potential countermeasure for space radiation-induced biological effects. For these studies, a dose of 10 cGy was used; a previous study had shown, using cell survival analysis, that 10 cGy iron-ion radiation is non-toxic for HTori-3 cells (11).
MATERIALS AND METHODS

Cell Culture and Radiation Exposure
HTori-3 cells were maintained in T-25 tissue culture flasks for each condition for 3 days prior to irradiation in complete Dulbecco's modified Eagle's medium (DMEM). For each group, three biological replicates were prepared, representing three separate experiments. Twenty-four hours prior to radiation exposure, cells were exposed to medium supplemented or not with 5 mM SeM.
Cell exposure to HZE particles was performed at the NASA Space Radiation Laboratory (NSRL) Facility at the Brookhaven National Laboratory (BNL), Upton, NY. The measured doses were 0 or 10 cGy of radiation from 1.0 GeV/nucleon iron ions.
RNA Isolation
Cells were harvested and pelleted 2 h postirradiation and immediately flash-frozen. Total RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA) following the vendor's instructions.
cDNA Microarray
Gene chips and cDNA were prepared in-house by the Penn Microarray Facility at the University of Pennsylvania School of Medicine as described previously (12) . Briefly, 1 mg of total RNA was converted to first-strand cDNA using Superscript II reverse transcriptase primed by a poly(T) oligomer that incorporated the T7 promoter. Second-strand cDNA synthesis was followed by in vitro transcription for linear amplification of each transcript and incorporation of biotinylated CTP and UTP. The cRNA products were fragmented to 200 nucleotides or less, heated for 5 min, and hybridized for 16 h to Affymetrix U133Av2 microarrays. The microarrays were then washed at low (63 SSPE) and high (100 mM MES, 0.1 M NaCl) stringency and stained with streptavidin-phycoerythrin. Fluorescence was amplified by adding biotinylated anti-streptavidin and an additional aliquot of streptavidin-phycoerythrin stain. A confocal scanner was used to collect the fluorescence signal at 3 mm resolution after excitation at 570 nm. The average signal from two sequential scans was calculated for each microarray feature.
Analysis of GeneChip Data
Affymetrix Microarray Suite 5.0 was used to quantify expression levels for targeted genes; default values provided by Affymetrix were applied to all analysis parameters. Border pixels were removed, and the average intensity of pixels within the 75th percentile was computed for each probe. The average of the lowest 2% of probe intensities occurring in each of 16 microarray sectors was set as background and subtracted from all features in that sector. Probe pairs were scored positive or negative for detection of the targeted sequence by comparing signals from the perfect match and mismatch probe features. The number of probe pairs meeting the default discrimination threshold (tau 5 0.015) was used to assign a call of absent, present or marginal for each assayed gene, and a P value was calculated to reflect confidence in the detection call. A weighted mean of probe fluorescence (corrected for nonspecific signal by subtracting the mismatch probe value) was calculated using the one-step Tukey's biweight estimate. This signal value, a relative measure of the expression level, was computed for each assayed gene. Global scaling was applied to allow comparison of gene signals across multiple microarrays. After exclusion of the highest and lowest 2%, the average total chip signal was calculated and used to determine what scaling factor was required to adjust the chip average to an arbitrary target of 150. All signal values from one microarray were then multiplied by the appropriate scaling factor.
Data analyses of statistical significance were performed using GeneSpring GX 7.3 software (Agilent Technologies, Palo Alto, CA). The median shift normalization to the 75th percentile and baseline transformation using the median of all samples was applied. ANOVA was used to compare the means of each condition (n 5 3, representing three separate experiments). Cutoff ratios .1.50 and ,21.5 and P , 0.05 relative to the respective control group were selected for this study. The Benjamini and Hochberg false discovery rate (FDR) was 0.05 for multiple testing corrections.
Annotations of each gene in the GeneSpring software program were retrieved from GenBank, LocusLink and Unigene databases, providing gene symbol and gene ontology biological processes. Functional annotation of genes and clustering of gene sets were determined using the web-based DAVID Functional Annotation Clustering Tool (13, 14) . The DAVID suite uses an enrichment analytic algorithm to provide the most relevant Gene Ontology terms associated with a given gene list, providing an EASE score or a modified Fisher's exact P value.
Quantitative Real-Time RT-PCR
A two-step RT-PCR reaction was employed. cDNA was synthesized according to the protocol of Superscript II First-Strand cDNA Synthesis System (Invitrogen, Carlsbad, CA) using 2 mg total RNA. cDNA was diluted and frozen aliquots were stored at 220uC. The cDNA generated was amplified using SybrH AdvantageH Premix consisting of a full-length Taq X TM polymerase with a hot-start Taq antibody and SYBR Green I (Clontech Laboratories, Inc.). All assays were performed on an ABI 7500 Fast Real-Time PCR Detection System (Applied Biosystems). Primers were designed based on the relevant human nucleotide sequences as deposited on GenBank. Each primer set span across intron/exon boundaries and the sequence homology of selected oligomers were checked using a NCBI BLAST search to ensure sequence specificity to the target genes. The designed primers were prepared by Integrated DNA Technologies (Coralville, IA).
Sequences were as follows: GAPDH forward primer 59-GCCA-CATCGCTCAGACAC-3 and reverse primer 59-GCCCAATACGAC-CAAATCC-39; CXCL1 forward primer 59-AGTGGCACTGCTGCT-CCT-39 and reverse primer 59-TGGATGTTCTTGGGGTGAAT-39; CXCL2 forward primer 59-CTGCTCCTGCTCCTGGTG-39 and reverse primer 59-AGGGTCTGCAAGCACTGG-39; IL6 forward primer 59-GATGAGTACAAAAGTCCTGATCCa-39 and reverse primer 59-CTGCAGCCACTGGTTCTGT-39; IL11 forward primer 59-TGCACAGCTGAGGGACAA-39 and reverse primer 59-GCAGC-CTTGTCAGCACAC-39; and IL24 forward primer 59-GCTGCAG-CAGGAGGTTCT-39 and reverse primer 59-GCAGGGTGTGGA-CAAGGTAA-39; IL8 forward primer 59-CTGGCCGTGGCTCT-CTTG-39 and reverse primer 59-CCTTGGCAAAACTGCACCTT-39; 438 SANZARI ET AL.
TGFB2 forward primer 59-CCAAAGGGTACAATGCCAAC-39 and reverse primer 59-CAGATGCTTCTGGATTTATGGTATT-39. A cycle threshold (C t ) was assigned at the beginning of the logarithmic phase of PCR amplification. Data were analyzed by ABI software and gene expression was quantified using the 2 2DDCT , 2 (Delta Delta CT) method (15) normalized to the constitutively expressed housekeeping gene GAPDH. Relative changes were generated comparing the nontreated, sham-irradiated controls to the nontreated irradiated cells or the SeM-pretreated, sham-irradiated controls to the SeM pretreated, irradiated cells.
Three separate experiments were performed and results are given as means ± SD. qPCR figures and statistical analysis were constructed/ determined using SigmaPlot version 10 software.
RESULTS
cDNA Microarray Analysis
The gene expression profiles of HTori-3 cells were analyzed 2 h after exposure to HZE-particle radiation. Using a cutoff of 1.5-fold or more, the expression levels of 215 genes were differentially regulated after radiation exposure at a dose of 10 cGy. A complete gene list of radiation responsive genes with the respective relative change in expression is included in the Supplementary Information. The gene expression values were determined by comparing the irradiated cells to the appropriate experimental nonirradiated controls.
Microarray data analysis using the DAVID Bioinformatics Database resulted in numerous clusters of genes categorized by the functional annotation of each gene. Examples of differentially expressed genes from the microarray data include ''protein binding'' with 121 genes in this cluster and an EASE score/P of 6.9 3 10 213 , ''cell differentiation'', with 46 genes and EASE score/P of 2.7 3 10
213
, ''transcription regulator activity'', with 33 genes and EASE score/P of 7.2 3 10
27
, ''protooncogene'', with 10 genes and EASE score/P of 4 3 10 24 , ''signal transduction, with 59 genes and an EASE score/P of 4.4 3 10
23
, ''secreted'' cluster, with 20 genes and an EASE score/P of 9.4 3 10
. In response to physiological stress induced by ionizing radiation, it is expected that the expression of genes involved in pathways regulating the cell cycle or apoptosis may be differentially regulated. According to the Functional Annotation Analysis of DAVID, 2 h after HZE-particle exposure, 29 differentially expressed genes are clustered in the gene class ''response to stress'' with an EASE score/P 5 2.9 3 10 25 , 23 genes in the ''cell cycle'' cluster (EASE score/P 5 4.6 3 10
24
), and 25 genes in the ''programmed cell death'' cluster (EASE score/P 5 9.0 3 10
26
). DAVID analysis also highlights several signaling pathway clusters. The signaling pathways that are affected by low-dose HZE-particle exposure include the transforming growth factor beta receptor signaling pathway, transmembrane receptor protein serine/threonine kinase signaling pathway, transmembrane receptor protein tyrosine kinase signaling pathway, JAK/STAT signaling pathway, MAPK signaling pathway, GnRH signaling pathway, T-cell receptor signaling pathway, and the TNFR1 signaling pathway.
Differential gene expression was analyzed in irradiated HTori-3 cells in the presence of SeM. Gene expression was compared between pretreated (with SeM), sham-irradiated cells and pretreated, irradiated cells. A total of 185 genes of the 215 genes that were differentially regulated after a 10-cGy dose of HZEparticle radiation responded to short-term SeM exposure. In other words, radiation responses in HTori-3 cells are different in the presence of SeM; specifically, the expression levels of 185 genes were affected when cells were pretreated with SeM and subsequently irradiated. The expression levels of these 185 genes changed from $1.5-fold to ,1.5-fold or #-1.5-fold to .21.5-fold after pretreatment with SeM and radiation exposure. Those genes responding to SeM treatment with their corresponding relative change are included in the Supplementary Information. Some of the genes encoding ''secreted'' proteins resulted in gene expression changes in response to treatment with SeM and radiation exposure (Fig. 1) . Specifically, within the ''secreted'' cluster is the cluster named ''cytokine/C-X-C'' genes. The expression of seven genes in this cluster was up-regulated after exposure to HZE-particle radiation. These genes are transforming growth factor beta 2 (TGFb2), interleukin 8 (IL8), interleukin 6 (IL6), interleukin 24 (IL24), interleukin 11 (IL11), chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha; CXCL1), and chemokine (C-X-C motif) ligand 2 (CXCL2) (Fig. 1) . In response to radiation exposure when the cells were pretreated with SeM, the expression levels of these genes do not reflect the radiation-induced up-regulation observed when SeM was not present (Table I ). These data suggest that SeM pretreatment may abrogate radiation-induced up-regulation of cytokine/chemokine gene expression.
Other genes in Fig. 1 show remarkable responses to radiation in the presence of SeM. For example, plasminogen activator, urokinase (PLAU), insulin-like growth factor binding protein 3 (IGFBP3), folate receptor 1 (FOLR1), glycoprotein-4-beta-galactosyltransferase 2 (B4GALT1), and collagen, type I, alpha 1 (COL1A1) show complete reversal of radiation-induced gene expression changes only in the presence of SeM.
Validation of Microarray Results by Quantitative RT-PCR
To confirm regulation of gene expression induced by iron-ion radiation, qPCR validation was performed. Altered mRNA expression of the inflammatory cytokine/chemokine genes was chosen for qPCR validation because this group of genes displayed up-regulated expression in the presence of radiation and down-
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regulated expression with SeM supplementation (compared to radiation alone) in a consistent manner in the microarray analyses. The average qPCR relative induction resulting from three independent experiments was determined by the Delta Delta CT method (15) , normalized to GAPDH. Radiation exposure resulted in an up-regulation of CXCL1 (2.2-fold), CXCL2 (4.1-fold), IL8 (2.7-fold), IL11 (2.5-fold), IL24 (3.0-fold), and TGFb2 (2.7-fold) compared to sham-irradiated controls, as determined by qPCR. The results of the qRT-PCR experiments are in reasonable agreement with the microarray experiments for six of the seven genes identified from the microarray results (Fig. 2) . The observed HZE-particle radiation-induced up-regulation of IL6 (from the microarray results) was not reproducible by qPCR. However, consistent with the microarray data, supplementation with SeM decreased radiationinduced expression of CXCL1, CXCL2, IL24, IL11, IL8 and TGFb2 (Fig. 3) ; statistically significant reductions were observed for CXCL1, CXCL2, IL8 and TGFb2. Thus supplementation with SeM reduces the radiationinduced increases in expression levels of most of the genes encoding chemokine/cytokine proteins. Supplementation with SeM in nonirradiated cells resulted in a slight reduction of IL8 mRNA levels that was not statistically significant (data not shown).
FIG. 1.
Effects of HZE-particle radiation and SeM supplementation in HTori-3 cells. Data generated from the microarray were analyzed with GeneSpring software (Agilent Technologies). Differentially expressed genes exhibiting statistically significant .1.5-fold changes or ,21.5-fold changes with P , 0.05 (determined by ANOVA, with the Benjamini and Hochberg's FDR correction procedure set at the P-value cutoff of 0.05) relative to the respective control group were classified into functional networks. Expression of 19 genes encoding ''secreted'' proteins is shown in the absence and presence of SeM and is shown as mean relative change ± SD. 
DISCUSSION
In these studies we observed that low-dose, HZEparticle radiation exposure affects global gene expression patterns in non-tumorigenic human epithelial cells. We used cDNA microarray analyses to investigate gene expression patterns after exposure to HZE-particle radiation in HTori-3 cells to determine whether SeM affects the biological responses to radiation. HTori-3 cells cultured in the absence or presence of SeM were exposed to a low dose (10 cGy) of iron-ion radiation and then harvested 2 h after exposure. We designated changes in gene expression as statistically significant alterations at levels of 1.5-fold or more; numerous genes were found to be differentially regulated after irradiation. The microarray results indicated that SeM had profound effects on the radiation-induced expression of several specific genes, including PLAU, IGFBP3, FOLR1, B4GALT1 and COL1A1. Of particular interest to us was the effect of SeM on the genes of the ''secreted proteins'' gene cluster. The microarray results indicated that iron-ion exposure results in the up-regulation of seven genes representing cytokines/chemokines and the qPCR analysis confirmed these results for six out of seven of these genes (CXCL1, CXCL2, IL8, IL11, IL24 and TGFb2). The microarray analysis indicated that 
FIG. 3.
Effects of SeM supplementation on gene expression profiles in HZE-particle-irradiated HTori-3 cells. Gene expression was quantified by qRT-PCR and data are normalized to the reference gene GAPDH. Changes in gene expression are normalized to the sham-irradiated controls. Analyses to determine whether there were statistically significant differences between the untreated (2 SeM) and pretreated (z SeM) irradiated groups were performed, and P values were determined by the Student's t test. P values are indicated for the comparisons exhibiting statistically significant differences between treatment groups.
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SeM pretreatment of the irradiated cells reduced the upregulated gene expression levels of all seven genes in this cluster; the qPCR analysis confirmed the microarray results for four of these genes (CXCL1, CXCL2, IL8 and TGFb2). Thus our results suggest that exposure to iron-ion radiation results in increased levels of genes in the chemokine/cytokine gene cluster and that SeM pretreatment of irradiated cells can potentially mitigate HZE-particle radiation-induced increases in the expression patterns of some of the genes.
Ionizing radiation produces a cascade of chemokines and cytokines that activate and modulate a number of signaling pathways and cellular functions (16) (17) (18) (19) . These secreted proteins additionally play a vital role in the cancer microenvironment and in tumor pathogenesis and progression. We found that CXCL1, CXCL2 and IL6 were up-regulated in human epithelial cells exposed to 10 cGy HZE-particle radiation 2 h postirradiation; these transcripts were also up-regulated in normal human fibroblasts in response to a low dose of X rays (1 cGy) 1 h after exposure (20) .
We also observed an up-regulation of IL11, IL24, IL8 and TGFb2 in human epithelial cells after exposure to HZE-particle radiation that is mitigated by SeM pretreatment. IL11 is a known inducer of proliferation in a number of cancers, including colorectal, gastric, prostate and ovarian cancers (21) (22) (23) (24) ; thus a suppression of expression of IL11 by SeM can be viewed as a potential anti-carcinogenic effect. IL24 is distinct from other interleukin cytokines in that it has proven to be an effective tumor suppressor (25, 26) . This is the first report of increased IL24 transcript levels after exposure to ionizing radiation, and therefore the role of radiationinduced IL24 transcription needs further investigation. It is noteworthy that IL6, IL11 and IL24 are all activators of the Janus kinase/signal transducers and activators of a transcription (JAK/STAT) pathway, which regulates principal cell fate decisions involving processes such as cell proliferation, differentiation and apoptosis. From the microarray analysis, some additional genes that are involved in the JAK/STAT pathway showed differential gene expression patterns as a result of exposure to low-dose HZE-particle radiation, including IFNGR1 (interferon gamma receptor 1) and STAT2 (signal transducer and activator of transcription 2). These data suggest that low-dose exposure to iron-ion radiation affect the regulation of transcription, and particularly that involved in the JAK/ STAT pathway.
We verified gene expression changes for two central cytokines, IL8 and TGFb2. We report here that SeM pretreatment in cells abrogates HZE-particle-induced gene transcription of IL8 and TGFb2, as indicated by microarray analysis and verified by qPCR. High-LET radiation, in the form of a particles, was shown by Narayanan et al. (27) to increase IL8 mRNA levels; in these studies, secreted IL8 levels were increased in parallel with elevated production of reactive oxygen species (ROS). Those authors also showed inhibition of IL8 levels by treatment with antioxidants. TGFb is a widely studied cytokine that is expressed in a variety of tissues. Studies by Iyer et al. (28) suggest that a-particle radiation-induced TGFb production is linked with increased intracellular ROS in human fibroblasts. If indeed elevated ROS levels contribute to high-LET radiation-induced increases in the transcript levels of IL8 and TGFb, this would suggest a potential mechanism by which SeM treatment could reduce the radiation-induced transcript levels of IL8 and TGFb in the studies reported here. As noted in the Introduction, SeM is expected to protect against free radical-induced biological effects, because it is converted to selenocysteine and then incorporated into the well-established antioxidant enzymes thioredoxin reductase and glutathione peroxidase (5). In the experiments described by Iyer et al. (28) , when neutralizing TGFb antibodies were added to the supernatants of previously irradiated cells and transferred to nonirradiated cells, the ROS bystander response was completely inhibited (28) . It has been hypothesized that TGFb plays an important role in radiation-induced bystander effects (28, 29) . Other cytokines thought to play a role in radiation-induced bystander effects include IL8, IL2 and tumor necrosis factor alpha (TNFa) (27, 30) . In our studies, we did not observe radiation-induced regulation of the IL2 gene or TNFa. Other genes that are members of the TNF superfamily, however, did show differential expression 2 h after iron-ion exposure: MAP3K1 (mitogen-activated protein kinase kinase kinase 1; down-regulated 1.5-fold), JUN (v-jun sarcoma virus 17 oncogene homolog; up-regulated 1.7-fold), CASP2 (caspase 2, apoptosisrelated cysteine peptidase; down-regulated 2.1-fold), BAG4 (silencer of death domains; down-regulated 1.7-fold), TNFAIP3 (tumor necrosis factor inducible protein 3; up-regulated 1.5-fold) and TNFSF9 (tumor necrosis factor soluble factor 9; down-regulated 1.5-fold).
We found that low-dose HZE-particle radiation induces differential gene expression in human thyroid epithelial cells and that pretreatment with SeM potentially prevents or attenuates some of the observed changes. The results of the microarray analyses reported here provide a basis of knowledge about the changes in gene expression that might be expected from cellular exposure to low doses of high-LET radiation.
SUPPLEMENTARY INFORMATION
Complete list of genes that were differentially expressed 2 h after exposure to low-dose HZE-particle radiation (10 cGy) in the absence and presence of L-selenomethionine (SeM). http://dx.doi.org/10.1667/RR1363.1.S1
